Abstract-Experimental investigations and cross sectional averaged one-dimensional analyses of a wire-rod type Electrohydrodynamic (EHD) gas pump have been conducted. The EHD gas pump was made of an acrylic pipe (20 mm inner diameter, 220 mm long) with a wire electrode 60 μm in diameter and a rod electrode 3 mm in diameter. Applying a dc high voltage between these electrodes, a corona discharge was initiated and EHD gas flow was induced. The flow velocity at the exit of the pump, and the differential pressure between the inlet and exit were measured. These experimental results were analyzed by the cross sectional averaged one-dimensional modified Bernoulli model with head loss. Considering the EHD gas flow, the Coulomb force was introduced in the model. The results show that the effect of both minor head losses and wall friction loss plays a significant role for the EHD gas pump performances.
I. INTRODUCTION
With a corona discharge in atmospheric pressure air, ions transfer their momentum to weakly ionized neutral molecules during their drift between a high voltage electrode and a grounded electrode, thus inducing gas flow [1] . This type of gas flow is known as an ionic or electric wind in the past and now called corona induced electrohydrodynamic (EHD) gas flow. EHD gas flow has been investigated in many flow control applications, such as particle flow control in electrostatic precipitators (ESPs) [2] , aerodynamic flow control [3] , gas pumpings [4] - [9] , etc. EHD gas pumps have been developed for capillary (flow channel diameter d f < 1 mm) and narrow (1 < d f < 10 mm) flow channel for thermal management of electronics. Since EHD gas pumps have no moving components, compactness, less noise, and lower maintenance requirements are expected. Corona electrode with sharp edges, such as needle or blade electrodes [4] , [5] , seems to be undesirable for dc corona discharge since it is easier to transit from streamer to a spark discharge. Hence a wire-non-parallel plate EHD gas pump [6] and a wire-rod type EHD gas pump [7] - [9] use a thin metal wire as a corona electrode to obtain a stable and effective corona discharge, as proven in many commercial ESPs and copy machines. The wire-rod type EHD gas pump achieves This work is supported by a Grant-in-Aid for JSPS Fellows from the Japan Society for the Promotion of Science (NT) and NSERC of Canada (JSC, NT).
higher pump efficiency than a conventional mechanical fan in a smaller diameter tube (d f < 23 mm) [9] , and the effect of wall and electrode arrangement flow resistance is well understood. In this research, the experimental results were analyzed by the cross sectional averaged one-dimensional modified Bernoulli model and EHD pump head loss effect was investigated.
II. EXPERIMENTAL APPARATUS
The schematic of an EHD gas pump driven by a corona discharge is shown in Fig. 1 . Air at atmospheric pressure and room temperature was used as a working fluid. A wire electrode 60 μm in diameter and a rod electrode 3 mm in diameter were placed in an acrylic pipe. Each electrode was through two holes of 3 mm diameter made in the pipe wall, and therefore, the wire electrode did not contact with the pipe wall to prevent a surface discharge. The cylindrical pipe was 220 mm long, and the inner diameter (i.d.) was 20 mm. The wire electrode was connected to a dc power supply (Matsusada Precision Inc, HB-25N(A)) after passing through a 20 MΩ protection resistor. The rod electrode was grounded through a 1 MΩ resistor for current measurements. By applying a negative dc voltage to the wire electrode, a negative corona discharge was initiated at the wire electrode and net uni-directional EHD gas flow was induced from the 
III. RESULTS
Typical discharge current waveform of a negative corona discharge driven by a dc voltage of -13 kV is shown in Fig. 3 . The waveform is a superposition of several sawtooth-like waveforms with a negative dc bias. Figure 4 shows the timeaveraged discharge current and discharge power as a function of the applied voltage at the wire electrode. On-set voltage of the negative corona discharge was approximately -10 kV. Several small light emission spots moving rapidly along the wire electrode were randomly generated and these spots are known as corona tufts [10] . A transition to a spark discharge appeared at -15.5 kV. The time-averaged discharge current is a quadratic function of the applied voltage. Flow velocity profiles were measured at the exit of the pump. Figure 5 shows the velocity profiles at -13 kV to the wire electrode. Each point shows the average value and error bar for three measurements for the period of 5 s. Because the measuring points were 5 mm apart from the exit of the pump, the EHD gas flow spread radially. These profiles are not absolute quadratic curves due to discharge current variations during the measurements, and the fluctuation may be caused by turbulent flow generation. The cross sectional average flow velocity as functions of the applied voltage and the timeaveraged discharge current is shown in Fig. 6 . The average flow velocity increased with increasing applied voltage and was approximately proportional to the square root of the discharge current. The Reynolds number and the dimensionless EHD number were calculated. The Reynolds number Re f based on the flow channel is defined as follows:
, where U is the cross sectional average velocity, d f is the 
, where d r is the diameter of the rod electrode (3 mm). The EHD number Ehd f based on the flow channel is defined as
, where I is the time-averaged discharge current, ρ is the air density (1.2 kg/m 3 ), μ i is the average mobility of negative ions for air (1.9 × 10 4 m 2 /Vs), and A is the cross sectional area of the pump. In this report, we used absolute values for the EHD number. Figure 7 shows the relationships between the Reynolds numbers and the EHD number based on the flow channel. Since the critical Reynolds number based on the flow channel for transitions from laminar to turbulent is around 2000 to 2300 under fully developed pipe flow [11] , the gas flow was normally laminar or transition flow, however, turbulent flow might occur with a large discharge current due to larger EHD numbers as expected from EHD induced on-set of turbulence [12] . On the other hand, flow pattern for cylinder in cross flow is normally also laminar recirculating flow for Re r < 200. However, EHD induced Karman vortex was observed for the Reynolds number based on the rod electrode at 350 under present EHD flow from the flow visualization with smoke incense [8] . Figure 8 shows the differential pressure (P 2 -P 1 ) as a function of the EHD number based on the flow channel. The differential pressure increased with increasing EHD number or Reynolds number.
IV. DETERMINATION OF FLOW HEAD LOSS BY ONE-DIMENSIONAL ANALYSIS
The net uni-directional EHD gas flow was analyzed by the cross sectional averaged one-dimensional flow. With a wall friction loss and minor head losses due to the discharge electrodes, the modified Bernoulli equation [11] between the sections 1 and 2 becomes
, where P is the pressure, K is the total head loss coefficient, F e is the volume density of the Coulomb force, and d 0 is the gap distance between the electrodes (13 mm). The subscripts 1 and 2 represent the sections 1 and 2, respectively. In this experiment, the potential energy per unit mass due to the gravity force can be ignored because the pipe was kept horizontal. When the negative corona discharge was initiated, the Coulomb force acted on negative ions and induced the EHD gas flow. By assuming that the Coulomb force only existed between the wire and rod electrodes with a constant value, the volume density of the Coulomb force can be expressed as follows:
, where e is the elementary charge, n i is the negative ion number density, E is the electric field strength, and J is the discharge current density. The Coulomb force from eq. (5) is introduced to the modified Bernoulli equation, then yield,
Hence, the total loss coefficient for EHD gas pump can be determined from K = -2{(P 2 -P 1 ) + I d 0 /Aμ i }/U 2 ρ.
(7) Figure 9 shows the total loss coefficient for EHD gas pump determined by eq. (6) as a function of the EHD number or Reynolds number based on the flow channel, where experimental results of pressure generation (P 2 -P 1 ) were used for calculation. The total loss coefficient decreases with increasing EHD number and becomes constant around 4 and then increases slightly with EHD number. The total loss coefficient can be divided into two components as follows:
, where f is the friction loss coefficient and K m is the minor loss coefficient. The first term on the right hand side is due to the wall friction loss and the second term is due to the minor head losses. The decrease of total loss coefficient for smaller EHD numbers or Re may be due to decrease of the wall friction loss as fully developed laminar flow, where the friction loss should decrease with increasing the Reynolds number. However, the Re dependences of wall friction fall off more significantly than laminar flow due to EHD generated recirculation flow near wall [2] . On-set of EHD induced turbulence may contribute this enhanced wall friction loss. On the other hand, the increase of total loss coefficient with larger EHD numbers or Re may be due to increase of minor head losses of electrodes. Therefore, Fig. 9 also shows best fittings for the first three points as the friction loss, for the last three as minor head losses by a second order approximation, where sum of these two approximated equations is also shown for reference. The order of magnitude of wall friction loss for smaller EHD number, and minor head losses due to electrodes for larger EHD number may be relatively larger than normal laminar or turbulent flow since the vortex nature of EHD flow structure.
V. CONCLUDING REMARKS
Experimental investigations and one-dimensional analyses of a wire-rod type EHD gas pump were performed. Experimental results of the cross sectional average flow velocity, and differential pressure between the inlet and exit of the EHD pump were analyzed by the cross sectional averaged onedimensional modified Bernoulli model with head loss term and the Coulomb force. The results show that the both minor head losses and wall friction loss are much larger than that of laminar or turbulent flow. The effect of these losses may also play an important role for the EHD gas pump performances. 
